In this study, we applied site-directed mutagenesis to the Fab fragment of a mouse IgM (IE12) that was previously shown to inhibit the binding of IgG to autoantigens by interacting with their variable regions. Its native structure was very similar to that of a polyreactive natural IgM (ppc15-30). Indeed, they both use the same light chain and the same V H , D and J H segments. However, the N regions differ and the D is translated in two different reading frames, giving different amino acid compositions of the heavy chain CDR3 (HCDR3). Site-directed mutagenesis modified the HCDR3 of IE12 compared to that of the natural antibody and the resulting effects on its reactivity were analyzed. Because the HCDR3 of IE12 is very rich in aliphatic residues, which are hydrophobic, we replaced them with the more hydrophilic residues of the HCDR3 of the polyreactive IgM. In addition, we evaluated the impact of the proline residues in the HCDR3 of IE12 on its activity, because they are known to restrict backbone flexibility. We found that a more hydrophilic HCDR3 conferred to the IE12 Fab a polyreactive profile. Prolines seem to play an important role in this context, because when they were replaced by glycines, the resulting Fab fragments were highly polyreactive. Our results suggest that, for polyreactivity, hydrophilicity and a certain plasticity of the HCDR3 seem to be necessary. Greater flexibility of the CDR, particularly the HCDR3, might be an important characteristic for polyreactive antibodies.
Introduction
Among the studies dealing with natural autoantibodies, we previously characterized a population of IgM antibodies that, by interacting with IgG F(abЈ) 2 fragments, inhibited the latter's binding to autoantigens such as actin, DNA, myosin and tubulin (1) (2) (3) (4) We also generated and characterized monoclonal IgM antibodies having such reactivity (5) . One of these antibodies, termed IE12, reacted with F(abЈ) 2 fragments of mouse IgG and the hapten trinitrophenol (TNP), was shown to inhibit the binding of autoreactive IgG to self-antigens and also bound to B lymphocytes from normal mice (6) . We sequenced the variable regions of the heavy and light chains of IE12 and found that they were very similar to those of a highly polyreactive natural IgM (ppc15-30) (7). The light chains used by the two antibodies are λ1 and are 100% homologous in their amino acid composition. Furthermore, they use the same V H -D-J H segments with differences in amino acid composition concentrated in the CDR3 region.
In order to study the relationship between the structure and function of IE12 by site-directed mutagenesis, we constructed All DNA manipulations were carried out using standard methodology (10) .
Fab expression plasmid and mutagenesis
The expression system, a dicistronic operon, was constructed in the pUC19 plasmid, with the VHCH1 sequences of IE12 fused to the alkaline phosphatase signal sequence (ssphoA) and VLCL sequences fused to the maltose MalE signal sequence (ssmalE). Both heavy and light chains were put under the control of the malE promoter (pmalE) (Fig. 1 ). This expression system was described in detail elsewhere (8) . Site-directed mutagenesis was achieved using the Transformer site-directed mutagenesis kit (Clontech, Palo Alto, CA). The mutagenic primers are listed in Table 1 . Single amino acid replacements were done in one round, while the replacement of the HCDR3 of IE12 by the one of ppc15-30 was done in two steps, first with the D1 primer and then with the D2 primer on a clone carrying the D1 mutation. The selection primers from Clontech were the AatII-EcoRV trans oligo for the first round of mutagenesis and the EcoRV-AatII switch oligo for a second round mutation on the same plasmid. After each mutagenesis, plasmids were extracted from several clones and sequenced using Sanger's method (11) and Sequenase Version 2 kit (Amersham, Little Chalfont, UK). Those carrying the desired mutation were conserved and used for the expression of the Fab fragment.
Expression and purification of the bacterially secreted Fab fragments
Cultures of E. coli harboring the plasmids were grown in LB medium containing 100 µg/ml of ampicillin. The bacteria were first grown overnight at 30°C, the cells were then pelleted, and resuspended in LB medium containing 100 µg/ml of ampicillin and 1% maltose. The cells were grown at 25°C and the OD 600 , initially 1, was monitored until it reached 2. At the end of the culture, the bacteria were pelleted, the supernatant was tested for the presence of Ig fragments and the periplasmic extract was prepared according to Bré gé gè re et al. (12) . The Ig fragments were purified by affinity chromatography on a sheep anti-mouse Ig immunoadsorbent (0.85 mg of antibodies/ml of acrylamide-agarose Aca 3.4 beads; column volume: 15 ml). Briefly, the periplasmic extract was concentrated using a Diaflo system (Amicon, Danvers, MA) and incubated for 1 h at room temperature on the immunoadsorbent. The column was then washed with PBS until the OD 280 was below 0.05 and bound material was then eluted with 0.2 M glycine-HCl buffer, pH 2.8. The eluted fraction was neutralized with 1 M K 2 HPO 4 and dialyzed extensively against PBS.
The Fab fragments, eluted from the immunoadsorbent, were tested by ELISA on plates coated with goat anti-mouse Ig antibodies and trinitrophenol (TNP) coupled to ovalbumin (OVA) using biotin-conjugated goat anti-mouse λ chain antibodies (Southern Biotechnology Associates, Birmingham, AL) at 50 ng/ml in PBS containing 0.1% Tween 20 and 0.5% gelatin (PBS-T-G) and streptavidin-β-galactosidase (Southern Biotechnology Associates) (for more details, please see the ELISA section). If the quantity and the activity were satisfactory they were coupled to biotin (13) . Briefly, the Fab fragments were dialyzed overnight against 0.1 M sodium bicarbonate in a final volume of 1 ml. d-Biotin-N-hydroxysuccinimide ester (Sigma, St Louis, MO) was diluted at 0.1 M in dimethylformamide and 10 µl/ml of Fab were added, mixed and incubated for 1 h at room temperature. The mixture was then dialyzed overnight against PBS and stored with 50% glycerol at Ϫ20°C.
Antigens
Mouse muscle actin and myosin, brain tubulin, and thyroglobulin were prepared according to described methods (14) (15) (16) (17) . TNP, arsonate and phenyloxazolone were coupled to OVA (18) . p-Aminophenyltrimethylammonium hapten was coupled to BSA (TMA-BSA) (19) . IgG F(abЈ) 2 fragments were purchased from Jackson Laboratories (West Grove, PA); double-stranded DNA type I from calf thymus, sperm whale myoglobin and lipopolysaccharide (LPS) were obtained from Sigma. Laminin was prepared from mouse red blood cells as described (20) .
ELISA
Polystyrene microtiter plates (Maxisorp; Nunc, Roskilde, Denmark) were coated with antigen or goat anti-mouse Ig antibodies at 5 µg/ml in 0.1 M carbonate-bicarbonate buffer, pH 9.5, for 1 h at 37°C. The wells were saturated with 0.5% gelatin in PBS for 1 h at 37°C, and washed thoroughly with PBS containing 0.1% Tween 20 (PBS-T). Biotin-coupled Fab fragments diluted in PBS-T-G were incubated with coated plates for 2 h at 37°C. After five washes with PBS-T, the plates were incubated for 1 h at 37°C with streptavidin-β-galactosidase diluted 1/1000 for 1 h at 37°C. After five washes, the enzyme activity was revealed with a saturated solution of 4-methylumbelliferyl-β-D-galactopyranoside (Sigma) in PBS (21) . After 1 h, the reaction was stopped with 2 M K 2 CO 3 and the fluorescent signal was read using a Fluoroskan ELISAplate reader (Flow, McLean, VA).
Inhibition experiments and K d calculation
Purified Fab fragments, at a concentration giving 50% of the maximal fluorescence in titration curves, were mixed with increasing amounts of antigen diluted in PBS-T-G. After 16 h at room temperature, the mixtures were transferred into microtiter plates coated with the same antigen and saturated with gelatin. The plates were incubated for 2 h at room temperature. After five washes, the antibodies bound to the solid-phase antigen were detected by ELISA. The percent inhibition was calculated in comparison to the binding in the absence of inhibitor and K d were calculated from Klotz plots as described (22) .
Effect of pH and ionic strength
The Fab fragments were titered in a classical ELISA test in PBS-T-G and a concentration of antibody in the linear part of the titration curve was chosen for each of them. The antibody activity was measured at different pH and NaCl concentrations for the Fab-antigen incubation step. For pH experiments, the 10 mM phosphate buffer contained 0.15 M NaCl adjusted to pH 5.4, 6.4, 7.4, 8.4 or 9.4. For the ionic strength experiments, the Fab were diluted in 10 mM phosphate buffer, pH 7.1, containing 0, 0.03, 0.15, 0.3 or 0.6 M NaCl. The Fab were incubated on the plates for 2.5 h at room temperature. All the subsequent steps were the same as those described above for ELISA experiments.
Results

Mutant reactivity
As shown in Fig. 2 , the HCDR3 of IE12 contains two prolines, one in each N region. The D H used by this antibody is the same as that of the natural polyreactive IgM ppc15-30 but it is translated in two different reading frames and bordered by different N regions, thus leading to completely different amino acid compositions. Our first aim was to evaluate the impact of the proline residues in the IE12 HCDR3 on its activity, keeping in mind that this amino acid is known to restrict backbone flexibility (23,24) (mutants P96→G, P104→G and P96/104→G). Furthermore, because the IE12 HCDR3 is very rich in aliphatic residues that are hydrophobic, we replaced them by those of the ppc15-30 HCDR3 which are more hydrophilic (mutant Dmut). The four mutants obtained were characterized by ELISA on a panel of self antigen, haptens and LPS, and compared to the Fab fragment corresponding to the wild-type antibody. Figure 3 shows their reactivity profiles at one concentration (100 ng/ml) chosen because it is in the linear part of their titration curves. Absolute fluorescence values are shown in Fig. 3(A) , while the percentages of the wild-type reactivity, which was considered to be 100% activity, are presented in Fig. 3(B) . It can be seen that replacing one proline by a glycine (P96→G and P104→G) gave rise to Fab fragments showing polyreactive profiles and strong activities against myoglobin and myosin. The P96→G mutant had considerably higher anti-TMA activity (7.5 times) and showed moderate binding to actin, DNA and LPS. The P104→G mutant showed a very similar profile, however, with stronger reactivity with myoglobin and a lower binding to TMA. The replacement of both prolines by glycines (P96/104→G) did not increase the number of antigen recognized by this antibody, but gave a mutant having a different reactivity profile. Indeed, P96/104→G reacted strongly with myosin, and moderately with actin, myoglobin and TMA. Finally, Dmut was also polyreactive, reacting like the single proline mutant P96→G, strongly with myoglobin and more moderately with myosin, DNA and TMA.
Inhibition experiments and dissociation constant (K d )
Inhibition experiments were performed on the two antigens strongly recognized by mutant Fab fragments, i.e. myoglobin and myosin. These experiments could not be performed on the wild-type Fab fragment, because its reactivity with these two antigens was too weak. The binding of the mutant Fab fragments to immobilized myosin and myoglobin could be inhibited by the corresponding soluble antigen in a dosedependent manner (Fig. 4) . Their K d were calculated and are given in Table 2 . The values obtained on myosin were not very different for all the mutants. The K d obtained for P104→G and Dmut were similar on both antigen, while the affinity of P96→G for myoglobin was 4 and 7 times lower respectively when compared to P104→G and Dmut. P96/104→G had the lowest affinities for both antigens, especially myoglobin.
Effect of pH or ionic strength
In a previous study comparing poly-and monospecific IgG mAb we observed that polyreactive mAb were more sensitive to environmental changes, such as pH and NaCl concentration variations, than monoreactive ones (9) . We have conducted the same type of experiments on the mutant Fab fragments in order to compare their behavior with that of intact polyreactive antibodies. Figure 5(A and B) shows the reactivities of the mutants at various pH on myoglobin and myosin. One can see that reactivity decreased as a function of increasing pH for almost all of them, especially on myoglobin. Indeed, except for P104→G which exhibited its lowest activity at pH 5.4, mutants bound most strongly to the antigen at acidic pH. When tested at various NaCl concentrations (Fig. 5C and D) , all the Fab fragments showed the same profile, with maximum binding to myoglobin at 0.03 M and to myosin at 0.15 M NaCl, and decreasing reactivity with increasing salt concentrations.
Discussion
In this study, we applied site-directed mutagenesis to the HCDR3 region of an autoantibody (IE12), reacting with IgG F(abЈ) 2 fragments and TNP,. in an attempt to transform its activity towards polyreactivity. For this purpose, we used an expression system in E. coli and generated Fab fragments corresponding to each mutant. This expression system was previously described in detail (8) . The reactivity of the native IE12 Fab fragment was similar to that of the whole IgM. However, the affinity of the Fab was lower than that of the intact antibody for IgG F(abЈ) 2 fragments, while it was similar for TNP. This difference can be explained by the fact that the global avidity of an IgM is higher than the affinity of its paratopes because of its pentameric structure. However, the multivalent structure does not seem to be important for the binding to a small molecule such as the hapten TNP, since the affinity of the Fab was comparable to that of the IgM. Our present data indicate that a more hydrophilic composition of the HCDR3 conferred to the Fab a polyreactive profile, whereas the reactivity of a Fab containing a hydrophobic HCDR3 rich in aliphatic residues was more restricted. Furthermore, prolines seem to play an important role in this context, because their presence at each end of the HCDR3 would restrict the antibody's flexibility and, in turn, its reactivity. Indeed, when these prolines were replaced by glycines, the resulting Fab fragments exhibited highly polyreactive profiles.
Several studies have previously shown the crucial role of the HCDR3 for antibody reactivity, particularly for polyreactivity (7, 25) . Experiments of CDR shuffling between a mono-and a polyreactive mAb have confirmed the importance of this region. Ichiyoshi and Casali showed that just by transferring the HCDR3 of an antibody they could obtain chimeric mAb having exactly the same reactivity as the donor HCDR3 (26) . This was true for both a mono-and a polyreactive mAb. Crouzier et al., however, obtained a slightly different result. In their example only the HCDR3 of the monospecific mAb could transfer the activity; the polyreactive HCDR3 associated with the V H of the monospecific mAb and its own light chain did not show any activity (27) .
In our experiments we wanted to elucidate the importance of the HCDR3 composition or its characteristics in polyreactivity. A comparative study on poly-and monospecific antibodies concluded that the CDR of polyreactive antibodies contained more arginine and lysine, and thus could bind to various charged antigen (28) ; however, similar conclusions were drawn from the study on lupus monospecific anti-DNA antibodies whose CDR are also mostly rich in cationic residues (29) . In our example, the hydrophilicity of the HCDR3 seems to be more important than its content in charged residues. Indeed, the HCDR3 from ppc15-30 did not contain charged residues and nonetheless was able to confer polyreactivity to IE12.
Another important point was the study of the prolines bordering the HCDR3. This amino acid is known to reduce the flexibility of the polypeptidic chain and could be important for the capacity of an antibody to be multireactive or not. We replaced the prolines by glycines that, on the contrary, confered a high flexibility because of their absence of a lateral chain (30) . Indeed, the resulting mutants showed a polyreactive profile. However, when both prolines were replaced, the reactivity of the Fab was different from that of single mutants and the affinities calculated for two antigens were also lower, perhaps because with two glycines the plasticity of this region could be still further enhanced and result in a loss of affinity. In a previous study on polyreactive IgG, our data suggested that polyreactive IgG might have a more plastic structure than monoreactive IgG (9) . In contrast to monospecific IgG, their reactivities were considerably modified by environmental changes, such as pH or ionic strength. In the present study, we showed that this sensitivity is also true for polyreactive Fab fragments, and that they behave like intact polyreactive IgG molecules at various pH and NaCl concentrations. The polyreactivity of Fab fragments has also been shown to be sensitive to temperature modifications (31) . Finally, our results also support the existance of a multireactive antigen binding site, because the modification of one residue resulted in the capacity to bind to several antigens. In conclusion, our results indicate that polyreactivity requires hydrophilicity and a certain plasticity of the HCDR3. Greater flexibility of the CDR, particularly the HCDR3, might be an important characteristic for polyreactive antibodies.
